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SUMMARY

Tests have been made on aAan XCG-7 ell—-woo0d glider and
on a PT—19A training airplane having a tubular netal fuse-—
loge ané woclden wings by passing electric surges simulating
lightning discharges through the aircraft and measuring the
voltage indnced Patween various points which might te touched
by an cccupant. The metal fuselage was found to be safe, dbut
dangerous voltages were found in the all-wood glider. A prac—
tical system of bonding sunnlemmantedl b external lightning
conductors is suggested which wonld suffice to protect the
occupants from eslectrocution.

IFTRODUCTION

A small fractlion of the =2lactric charge carriad dy
lightning will be fatal iIf it passes through a vital part of
the hunan body and an even snallnrr fractlion may temporarily
disable a pilot and cause disaster, Hence, of the many
hagards involved 1in case a nonnetalllc aircraft inm flight 1is
struck by lightning, the most immediate and obvious is the
danger that the personnel may be electrocuted.

Ag shown in the earlier general anelysis of thls problen.
(reference 1) the quantitative evaluation of thls hazard ocan
be made by sending surge currents of known wave form through
the aircraft and measuring the voltage (or current) developed
electromagnetically either betwsen polnts which might be
spanned by the personnel or by inductlon within thelr bodiles.
The four obvione paths through which the surge current should
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be sent are (a) nose to tail, (b) wing tip to wing tip, (c)
nose to wiag tip, and (d) wing tip to tall. The locations

>~ - . Where the voltage should be moasured are many. Typilcal are
seat to pedels, wheel to flap ¢oltrol, seat to tab control,
and so forth.,. TUstimates of the voltage l1aduced within the
bodles of the parsonnel by transformor action by the rapidly
varyling magnetic field can »e computed for assumed extreme
chees.

It 1s the purposa of thile report to give the resulte of
measuromante of thls tyne on (a) an X06-~7 all-wood glider fuse—
lage, (b) on a PT—19A training airplans which has its fuselage
formod of steel tublng. In tho formor case measurements woere
mado both with and without varlous arrangements of supplemen-
tary lightning conductors iun posltion.

As a baeis for Judging the hnsards involved there l1s
iven first & discussisn of the nvallalle data on the intensity
of nntural lightning strokae, and on the current (or charge)
which muy be oxnccted to injure or sericusly inconvenlenco the
pllot.

Hombarge of tha staff of the High Voltage Ladorutory of
thr Nv+ti-nal Rureau of Standards who contributed materially to
thae planning and oxecution of this mrojoct werre Dr. F. 5.
Silsbe~, Dr, P. 1. Defandorf, Dr, F. X. Harris, ilr. J. H.
Park, ir. A. T. Pntorson, Mr. E., ¥, Cones, Hr. Y. U. Thrack-—
rmorton, and lirs., J. van Geld-r. Valuablo cooperation in the
axnerimonts on aninels was »iven by Dr. G. 2. Ogden of the
National Institute of Hoalth,

SYIBOLS

A amplitnuds of nnin component of lightning discharge current
A, amplitude of nth component of lightning discharge current
a area of circuilt

g

}factors dnfined by eguation (7)
a4

GD capacitance of skin

CL internal capacitanca of body

€, oxtornal er~prcltnnco shunting body
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Og capacitanco of glove or shoe

Cx capacltance to extornal obJocts

B voltage

e ¥apierian bdase

f frequency

I currant

In crest value c¢f the nth component of current
Io instantaneous valuec of lightning current

Ip erast current through pilot

Ly inductance of body

Le Inductnnece in sories with pilot
l distanco from conductor to loop circuit
) H mutual inductanco

Q nth comhonent of charge

Qg alecectric charge massing through body

Ry registance of skin

By internal resistance of body

t time .

an danping coofficient of nth component

Bn fraguoncy coefficlcnt of nth component

Y slower damping coefficlent of main compnoncnt
faster damplng cocefficiont of maln component

Pn phase angle of nth component

BASIS FOR SETTING SAFETY LIMITS

¥Yhen a changing current I flows in a circult which
is couplad to a second circult by having a common inductive
portion, tha induced voltasge which anjears between the ex-
troemitles of the conmon vortion is given by
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a1
E=Hag (1)

where M 1s the uutuel inductance between the two circuits.
The data giver below may, therefore, be expressed either by
the observed value of I for the particular dI/dt used in
each axperlient or by the value of I which is the ratio of
these cuantities and is the measure of the coupling between
the main lipghtning circult and the branch circult through the
pllot. To interprat an observed value of ¥ or of M in
the laboratory in terms of tho hazard involved by a stroke of
natural lightnlng, a number of factors nust be considsred.

First, how does the value of current and its rate of
change used In the ladboratory experiments compare with those
to b ecxpected in natural lightning? Second, can the voltages
irduced by natural lightning be resisted by a reasonable amount
of insulation such as insulating pedale, boote, gloves, and g0
forth? Third, if rach insulatisn is nct nrovided (or if 1t
provas insufficient) what current (or charce) will pass through
the pilot's bodr? Fourth, will this curront (or charge) cause
sarious vhysilolosical cfleecis? Fifth, may the voltage 1nduced
in closed circuits oentirely within the Pody cause eserilous
hern?

Soverity of ¥atural Lightnling

It is ovident from equation (1) that the induced voltage
is proportional to the rate of change of current rather than
to the current itself and hnrce that this rate of change of
current is tho characteristic of natural lightning which 1s
significant in estimating the amount of insulation whiech
would be required to »rotect a glven person or circuit from
the induced voltaze. On the other hand, 1t will be shown
that the vhysiological damage from electric shock seems %o
be most closely correlated with the maximum guantity of
electricity which flows through the victim in one direction,
This guantity is rolated more directly to the crest value of
the current in the lightning stroke than to its rate of
change. Data (reference 2) from various sources indicate a
median value of creet current of 30,000 amperes and that a
meximum of 60,000 amperes is exceeded in lass than 10 per-—
cont of lightning strokes.
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The hast data on the rate of change of current seem to
be thoso obtained by McBachron (reference 3) from oscillo—’
grams of 11 direct .llghtning strokos to the Nmpire State
tuilding. These data are confirmed by the results of other
observers. He goets as the median value 14 kiloampores per
nicroseccond and as tho highest observed value 36 kiloanpares
per microsacond. These values nare the slope of a line through
points on tha record at 10 percont and 90 percent of the first
creet, the time to crest bolrng 2bout 1 microsmcond on each
record. Thus each value Ag given may be considered ams the
avarage di/dt from zero to crest of tko lightning discharge.
EcBachron's oscillograms show that the rise was not linear
and that the maximum instantaneous rate may well havae bdeen
twlico the averagn values. ’

The prasence of the aircraft constitutes a kind of dis-
continuity In the path of the lightning stroko and superpused
local el~ctric oscillations may be set up in the mertallie
parts of thg aireraft by "impulso excitation." The higher
ITrenuency componcnt pregent in the laboratour;r surges cnd
gshown in flgure € is presumadly an exanpla of such 2an oscil-—
lation, If the aircruft is egquivalent to an 1lnductance and
capacitance in marallel] and if bha current 1n the main llght-
ning atroko riges linearl; and 1is unaffected Dy the aireraft,
the suvpeormosed osecilletion vill nave such an aanlituds as to
nake the Maxinunm momentary rate of rise of current In the in-—
ductance (that is, in the unetal of the aircraft) double the
razinnm rate of rise of the uein stroke. Thus ilcRachron's
average values of di/dt should bs multiplied by 4 to get
the penk values for an eircraft in flight, giving for a uedian
Btroke 56 kiloaaperes per aicrosecond and Tor the highest ob—
s?rvnd_valua 144 kilocunsres psr microsecond.

Impedance of Circuit through Personnel

If there 1s no effective insulatlion at the points where
the Yody of the pilot (or othor porson) comoes into proximity
with tho conductore which carry the lightning current, & coer-
tain fraction of this current will be dilverted througzh him,
The magnitude of this current 1s to bo obtained by combining
the impressod crest voltage, such as was observed in the fol-
lowing experiments, wlth the "impedance offered by the human
body to the flow of translent currents.

For direct currents the sikin (particularly if dry) offors
by far the major part of the total observed resistance. When
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meesured at low direct voltages (1 to 3 volts) the total
reslstance between hands ranges from 2000 to 20,000 ohms.

The eisctrical conduction both in the pores of the
skin and in the underlying tlssues is electrolytic in
nature and lnvolves the motion of molecular ions. The ac~—
cumulatlion of these ions at the eloctrods and At the sur-—
faces of various 1internal nembranes tends to give rise to
a back electromotive force of "polarization." When the
time interval during which the current flows is too short
to allow much diffusion of the lons, as 1s the case with
surges and with alternating currents, the vlectromotive
force of molarlzatlon 1s approxiunately proportional to the
quantity of elactricity which has »assed. The relation
botween voltaze and charge (or current) 1s, therefore, the
sams &8 that wlhilech characterizes & capaclitor. Furthermore
the outer horny layer of the skln functions as the dielsc—
tric of a capacitor the "plates" of which are the under—
lyins tissues and the external electrodes. Ileasurenents
(referance 4) have shown that the eculvzlent capacitance
resulting from the polarigation is much the largnr af thesa
two n~ffecte. The total capaocitance of the capacltor thus
formed 1s wnroportlional to ithe arra of skxin In contact with
the 2xter;nal nmetal and may te as great as 0.4 microfarads
for the valn of one hand., 4t a frneusncy of, r~ayr,10,7GC0
cyclrs the impndsnce of thls capacitor 1is only 40 ohms and
it, therefore, in affrnct "short circuits" the effective ro—
glatance of thn elin. However, the internal body tissuss
huve an aponreciable resistance us well as capacltanco. Loa—
gureoments (refsrences 4 to 8) show thnt even at 1 negacyrcle
per second the registancn from hand to hand oxcceds 50T olns,
and that tha polarization 1n the tlssves 1s then cquivalent
to tho mrasence of & serirs canacitance Cg of about 100
nicromicrorarads.

The nrincipel elenents of the circult of which the
pilot's body forme a nart ars indicated schematically in
figure 1 (a). The main lightning current I, (t) passes
through the conductor B'A'! and induces a voltage H

aI
1;3 into the srunting circuit which conelsts nostly of the

pilot.

Between tho handle A, which the pilot may gras», end
the Junction point A!, where the shunt clrcult through the
pillot Jjoins the main path of the lightning stroke, there nay
be 8 fow feet of cable, or a metal lover, or other conducting
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object, which will have & small but finite inductance. This
inductence 1s revrosented by L'y, A similar inductive ole—
mont such as a podal shank may be in the circuit at the
"other extremity betwaen tho pedal -surface B and the. June—
tion point B'. Tho capecitance between the pilot's hand
oné the handle which he grasps (the glove sarving ns the
diolectric) and the similur capacitance botween his foot and
the netnl pedal (thn shkoe sole sorving ae dleloctric) are
represcntod by C',. Tho tkin at each extremity is repre—
sented by the rolatively lerge capacitance OCp shunted by
the raslstive path Rp through the poros. The circuit 1is
closad through the effoctive sorles resistance Ry and ca~-
pncitanca C3y of the irtornal tissues nnd the inductance

Ly which resulte from the megnetic field of the current in
the bodr (nmostly in arm and 1eg). The capacitance Cp s

introdneced to represcnt the small effect of than geomotriec
capacltnnce ¢directly vetwecn the arm ard leg of the pilot,

In addition to the foregoing there muy he strny capncitances
C, to other portions of thao aircraft wnich may be at a dif-
fercnt potontial from &4 or 3. To take account of theso
lrgt—unentionrd elaments would counp™icite tho oroblem to an
lopracticable extent, ~nd they will be isgnored ir tho follow—
lag édiscusslon, bt tholr »resence may account for certain
othorwise unoxplainabla effects.

Thie circuit can o siwnlified for rapidly changing
trarsicnts by omitting the ekin olemeats Rp =2nd COp which
offer only vory little impedance to a surge and by combining
the sarios inductances L'y and the sories canacitances Clg
onch into o cingl: elament Lg and C, of figure 1 (b).

Posgible Curront and Cherge through Persgonnel

The lizhtning stroka current in the main circuit through
the coupling inductanco betwoen the Junctions A' and 3!
may bo roprrngnonted in the sanrral cnse ns tho sum of =~ nunber
of conponants by the ogquation:

I, () =4 (o"vt —o'“)+ T Ay 0 Y ein (Bpt+ gpy) (2)

horo tho first pelir of torms roprosont tho naln dlschargo

whilo tho suumnation whleh followe roprcsonts tho superposod
oecllleations, Tho subscript =n scerves to ldontify tho 1ln-
dividual osclllatory conpononts oach of which has an initial

anplitudo A n doecronoat a« rnd n froquonecy £, = Bn/an.

ne n?e
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If the main surge 1s slightly underdamped as was the
cese in the laboratory tests, equation (2) can still be
. bsed by setting A = O and using one of the summation terms
to represent the fundamental surge ‘with--Ay very.large,
about 3 X 10* (sec)—2, and with Pnp mnot exceeding ay,.

If the nain stroke curvent vAries as shown by the firsgt
term in equation (2) it can bas shown that the initial crest
voltage acrosse the capacltance Cg will be approximately
glven by

T = AHS (3)

and the crest charg e passing through the pilot's body will
be

Gg = €, T = AllsC_ (4)

For tro typical case of A 30,000 anperes, &6=1 x 108;
then if H 1is as large as mierohenry B = 30,0CD volts
and (for Cg = 200X 107'% farad) Qs = 6 mierocoulonbs which
is definitcly above the threshold of Tealing.

LR ||

If the insulution u% rlove or shoe should puncture mnder
the volta e givan by refercnce & the currant and charge will
he Qecldedly larger. Assuking the insulatlon to feil early
in the surge, the crest curient tkrough tne uwilot 1s given by

P T (5)

and the charga passling during the first swing is

Qo= o (6)

8 B’i
For the typical values shown above and for R = 200
ohms, these formules give I, = 100 amperns and Q, = 100

microcouloxbs, which might be vary serious,

In genersal, it appears that the charge passing through
the pilot will be lncreased, 1f the ineulation punctures, by
the factor 1/804R3. For the value of Cg assumed above
this 1e a factor of 16, although it would be less if Cg
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vere larger. This indicates that providing insulation at
all points where the personnel might make contact with
current—carrying parts would give a definite gain in pro-
tection. However,-to ingure-such insulation at all points
would introduce numerous complicaetions, and it would seem
preferable; in geanernl,to keep the voltage low by bonding
and shlelding ranther than to rely solely on insulation. 4
furthor conslderation is that the superposod oscillastions
and the capacitances to other parts of the structure may
contribute to the crest voltage to an extent not covered by
equation (3). In fact, equation (3) should be regarded as a
lower 1limit rather than an upper limit on tho required in-
sulation,

For the suporposed oscillations of higher frequency
including those excited in the aircraft members the doamping
factor ap 18 llkoly to be small, Bp 1s larger than

10% (snec)~' and L, 1is small relative to the fundamental..
The highsr frequency components can, therefore, be treated
like sustalned salternating currente by the usual symbolic
method. Avnplying this to the circuit shown in fisure 1 (b)
gives os the relation tetween the crest value of the compo-—
nent I, of the current Ij 1in the pilot's body and tho

correspoading component A, 1In the main circuit.

A
(9
o

=
-

heroe

= B R
ng = By LIg C, - 1l

For componente of very high frequency it 1s evident
olther from the equation or from ianspeetion of figure 1 (b)
that the capacitances function as short circuits and that
C, diverts all curront from Rj. Even if cp were zZero,

the inductanccs would prodominate over the resistence Ry
and the current would be
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AN
In (f 5’) = il-:_'l'-Ti (8)

The charge per half ecycle would bde

2A K

n Bp (Lg+.Ly) ()

Q

and would become very smmil as Bn in-.reased.

At fraquencles not gquite sv high there may de certain
resonance effects. The qrantities aj and ag willl each
become mero at a particalar value of Pp,. However, even if
they both venished At the sime valwie of P, the current I,
wvould te limited to I, = A, B, M/R..

Fo:r some particrlar freqwency *he valve of ag will be
equol to Cg/8, and tha coefficiant of Ry will vanish.
However, the sccond term will then be suzh as tc make

AL 0y (C,+ Cg)
P ] g

-
n ) T S
-} Cs

The orly conditican which covld lead to an adbnormally
high rat“v of Iy to I, would be tec nave both Lerms in
the Genoiirator of ecuaticn (?) apnroach zero at the same
value of PB,. This condition would arise if

Cy << Co (10)

but rolation (10) is verr unlikely to be rotisficd, Evon if

it wcro, tho chanco that sozio loportant componcnt of tho

strok¢ should hoave o valuo of Bp Just right to. £it tha
particular circult constanrts ond to givo n dangerous rosoncaco
i1s vory roroto, Hcnco 1t 2ay bo concludod thot unloss tho
auplitudo of tho supcerposocd osclllations is vory large (coir
porablo with that of tho fundri.cntal corponont) tholr offoct

on tho pillot wlll do snall relativec to that of tho fundniiontal,




NAGA ARR No. 4I28 ' 11

Induced Currents in Isolated Bodles

St111 another effect is possible even 1n caeses where
there~is no connection either direct or through the capaci-
tance of glove or shoe between the pilot and the conductors
which carry the lightning current. This is the result of =
transformer action in which the rapild changes in the magnetic
field produced by the surge current induce currents in any
neighboring closed mlectriec circuit, such for instance as
that of the pllot's hearu. If tho closed circuit is at an
average distance 1 centimeter from a long straight conduc=
tor -carrying the surge current I ané if the maxirmum area of
the circuit when vrojected on a plane which containe the con—~
ductor is a square centimeters, the instantaneous induced
voltage 1s glven by

a 4l -
B =0.2 2% x3107° (11)
1 4t
Taking %% as 100 kiloampores per microsecond (that is, 1012
ampares pear sec); L as 100 centimeters and a as 40 s1uAare

contimetors (that is, roughly the arca of the human heart)

X coies out at 80 volts! This value excecds, by a factor

of many thousand, the potential diffsrence produccd normally
in the heart muscle and picked unm by the elcctrocardicsgranh.
Of course,the duration of this voltage 1s short, say, 1l mni:zro-
second., If tho circuit around tlhe heart had a crcss section
of 1 squarc centimetcr, a perimpgter of 20 centimetors and a
reslstivity of 80 oha—centimeters (a value sometiues quotad
for body tissue), its resistance would be 1600 ohms. The
crest value of induced curront would be 50 milliamneres and
the quantity of eleciriclty circulated in a microsecond would
be 0.05 microcoulomb. This estimated value 1s decldedly less
than those computed as liable tco be conducted through the
limbs and body, but slince it is induced lmmpcdiately 1n a vul-
nerable organ the possibillity of a very serious hazard is
evident.

Physiological Effects

To Judge whether or not the values of voltage, current,
and charge estimated in the precoeding sections are such as
to constitute a serious hazard, informatlion is needed as to
the nffecte on the human system of electric shocks of very
short duration. The problem 1s a very complex one because
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the effects depend upon many varilables among which are the
manner 1in which tke current varies with time, the path of’
the current through the body, the timing af the surge rela-—

""tive t0 the nori#ial heart cycle and -individual differences

in response.

Ag the intensity of the electric stimulus 1s progress—
ively increased from a very low valuse, the first response
ie a sensatlon of “ghock" or pain followed at about the
came intenslty bty a "twitch? or involuntary contraction of
one or nore muscles. The stimulus renuired for such a
minlimanl response is often callad tke "threshold" value and
has been studind in hunan subJects under a variety of con-—-
ditions. In much of this work %the matimulus was & sustained
alternatling currant. 1In flgure 2 are plotted, to logariih-—
mic scales, tho root mean scuaro values of thresehold current,
as & function of the frequency. Curve¢ I by Kennoelly and
Alexanderson (reference 9) showe the average value for 5
otgsarvers of the root mean square current which could be
tolorated "without marked disconfort or distress" from one
hend to the other. Curve II by Cartar and Coulter (refer—
ence 10) chows tho avorage threshold values fer 107 observers
for current flowling botween olectrodes 1 square contimeter
in areca, in contact wlth the fingor aad thumb of one hand.
Curve III shows values by the same authors on 15 observars
ufing -~lectrodes 25 square centiueters in area on the nedial
and lataral aspects of the distal part of the u»per arm.

Ag the stimulue is increased, the sensation and tho
mugcular contrszction become greater. A higher level of
intensity can be set by obsrrving the value of a sustainnd
alternstina current at whiich the subject is just bvarely able
to rolcaga the metal rod clectrode which he had becen grasp—
ing. Thkis has becon called by Dalziel (raforcnce 1ll) the
Blet-go currcnt," and data on it are shown in curve IV of
Ticuro 2. At this currant the sensstlons oxperlencod are
exceedinzly uncomfortable.

At 8t1ll higher currents not cvnly are thc sensatloans
still mora painful but more serious effects appear. One of
thoso 18 the onset of wvantriculer fibrillation, an unco—
ordinat~d succession of contractions of the muscle fivers
of the ventricla which causes the pumping action of the
hoart to bacome inaffective and vhich causos decath 1in a
few minutes. 3IZExtcensive cxperiments on this phenomenon by
Ferris, Xing, Spence, and Willlans (referreonce 12) have
shown that 1f the el~ctrle current flows for a time whileh
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is skhort compared to the heart cycle, fibrillation will be
initiated only if the shoek occurs during that particular
fraction of the heart cyecle, designated as tho "T wave,"
during which the contraction of the ventricle is rolaxing.
Thle seansitive interval occupies about one—fifth of ths
conplete heart porlod. It has beon found that after the
currant etops thn hearts of smallor animals, rats, and
guinea nlges, return automatically to thelr normal coor—.
dinated beating after a few soconds of fibrillatlion. In
the caso of larger animals, dogs, sheep, and man, the
fibrillation porsiste until death ensuas.

Larger currents tend to causc an inhibltion of the
rasplratory centers which may parsist for somc time after
the current stops, and may cause death from asnkyxia un-
less artificial reeniration is appllied. With etlll larger
currents hemorrhages may be caused in the splnal cord and
brain and sometimes breani:s develop in the larger arteriles.
Also, burne may be causod where the electroédes makms contact
with thse skin.

Datalled stulies of the mechanism of nerve action (raf-
erance 13) uwake 1t highly probable tliwt & nervo impulse s
triggered off when the lonic concentration at some point of
the neuron wall is shifted by A critical arount. For an
elnctriec stimulus this 1mpllas tkat the flow of a certain
current for a rertain time (that is, the vnassase of A da71-
nite quaniity of elesctricity) is required to produce a
getimulus, After the n»rve impulee has once started, it i1s
golf—promu;'ating and leaves the neuron in & "refractory
phasa! during which i1t cannot be stimulated agrin for sev-—
eral millisrconds.

For vary wveak currents the diffusion of the 1:zpns awmn-
preclably reduces the net rate of accumulation of ionie
concentration. The tlno required to renck the critical
value is increased mors than in nroportion t2 tha raduvuc-—
tion 1in current value. Hence the total electric charge
requirad for a threshold stimulus is greater. Thile may
acconnt {or the turning upward of the curveg of firfure 2 2t
tha low froguency end. For short appliecations, on the oth-—
er hand, the effect of diffusior will be nagligsiblie and
hence 2 consiant threshold cherge nnd a linear increase of
threshold current with decrease in time of flow are to te
expocted. As a teet of this relation figure 3 has beon
plotted, to logarlthmie scales, with the duraticn of tha
surge current (or tha duration of one-half ecycle in tho
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cagse of a—c. trials), as abscissa and with the quantity of
electriclity passing in the first swing of the surge (or in
one~half cycls of the a~c. waye) as ordinate. Curves I to
IV are derived from the correspondingly numbered curves of
figure 2. OQOurve V shows the values of threshold quantity
obtained by Conrad, Haggard, and Teare (reference 14) on
five observers in experiments in which single current surges
of rectangular wave form were passed between the first and
gecond flngers of one hand while they were immersed in s
galine solutlion to within about 1.5 certimeters of thelr
Junctlion., These curves indicate that o nearly constant
value of charge is required to etimulate the threshold res=—
ponse 1f the duration of the surge 1is less than 100 micro-—
seconds.

The previously avalleble data, summarlzed 1n the fore-—
golng paragranhs, fall short of gilving tue 1nformaticn neceded
for interpreting the lightning ragzard msasuremnrnts in several
respects. In particular,

(a) The surge data do not extend to time intervals as
short as are cncountared in lightnirg;

(b) The surges of curve V (fig. 3) were unidirectional
(that is, a nat charge of electricity passed through the
tissues under test) as 2lLown in insert (A), and tha more
common wave form of currant induced by lighting (except for
a direct strokxe) will be sne in which the firest swing is
followed by another in the oppoesite dilrectlon wkich will
make the total electric chargre massing in the cecircult zero,
as shown at insert (c) of figure 3;

(c) "here was no indication whether the large margin
which ~xlsts for long—duration shocks between threshold and
danger also axisted at shorter durations whon the momentary
current values were correspondingly high. Tho deaths of
about 400 versons annually from lightning in the United
Statce 1s, howavar, clear evidence that grave physiological
effocts can result rrom surges of short duration. Conss—~
quently, in the present study, & number of physiclogical
experiments have beson made, on a rather tentative and ex-
ploratory basie, to bridge ovar some of the worst gaps in
the previously existing knowledge.

In the firest asoeries of tests, surges ir which the
curront varicd as indicated at insert (b) or as at insert
(c) in figure 3 were passod between two cuff clcctrodes
which surrounded the forearm of the human subJect. The
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amplitude of the surge was adjusted until the subject was
barely able to detect the occurrence of the surge. The
results are plotted in curve VI of figure 3. It appears
tkat over a considerable range in duration the threshold
response wase obtained when the part of the surge up to the
first zero carried a charge of about 1 microcoulomb. It is
interesting to note that at the shortest surge used the
creet value of the threshold current was 4.5 amperes (that
is, 45 times the value whick, i1f maintained for a few sec—
onds, 1s generally reparded as fatal). These results also
show that there seems tc be little difference in the thresh—
0ld charge for surges of types (b) and (c).

The noxt tests were made with gulinea pigs, using folill
electrodes wrapped around two legs. Polint A in filgure 3
shows the zverage throshold of four zulnea plgs for surges
of the tyre shown at lnsert ¢, passing from one foreleg t>
the other. The threshold was loceted by noting the minimum
surge &t which a barely noticeradle twitch of the legs was
produced. The point marked B show the average threshold
of threo sulnea rigps after the animals Lad been anesthetlized
by the injnctlon of a varbditurate compound. More intenge
surges werne thon used and after eich surge a cathode-ray
oscilloscone with & suitabie pre-amplifier was connected to
the olrctrodes and thn character of the cardlogram noted.

Brecauso of the fact that 1t wns not rendily feoasible
to synchronige the tining of the electrilc surge with the
heart cycle of the animal, the protability thut any one
surge should occur Jduring the particuvlar phase 1n which
fibrillation can te initinted 1s about 1 in 5. In view
of this, 10 trinls wore zande &t oach value of surge 1nten—
slty. The probabilit; 1s only 1 in 9 thal out of 10 shocxs
of random timing nct one would occur durilng the senaltilve
phasa.

Although the animels showed vory violent spasmoéle
muscular contractions at the moment of shock, only wninor
changes in tha character of the heart cycle arnd 1n the
pulse rats were noted untll the surges were very intensea.
One fuinea pig withstood successively 10 shocks, of the
type shown at insort (b) at each valuo of intensity and
duration indicated by points €, to Cg, inclusive, and
2 shocks at Cg, after which the test was dlscontinued.
The electrodes werc attached to the two foreleogs. After
recovoering from the anesthesia the animal appocared oentlirely
normal.
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A pecond guinen plg was Bimilarly tested with surges
of shorter duration aAand greater current and wlithetood 10
- shocks of. the.type shown at insert (c) at each of the bmointa
D; to Dg, 1inclusive. X¥o noticeable effect on the heart
¢ycle was noted,. The electrodes were then changed so that
the charge passed between the left rear leg and the right
front leg. It was then subjected to 23 shooks of the char~
acterlistice shown by Dg. Following the 24, the 20th, and
the 224 shock the cardiogram was Abnormal for several sec-~
onds, suggesting that poseldbly a temporary fidrillation had
been stimuianted. The intensity was reduced aAand similar
synptoms appeared after the lst shock At Dg and the 24
shock at D,. At Dg mno fibrilletioa oeccurred, dut the ST
portion of the cardiogram was abnormal. During 20 more
shocke At D, no fldbrillailon developed, dut the pulse rate
slowed down and the Aanimal died shortly mfterward. On autopsy
it was found that the chest caAvity was full of bPlood And the
heari was free 1la the cavity. This suggesls that the con-
tractlons produced by scme of the later shocks had actuslly
torn the larger bdPlnod vessels.

A third guinea plg was subjected to m total of L1
shocks in the range between poiaws Dg and D; of flgure 3.
The charge passed between right foreleg and left hind leg.
After 9 shocks visible changes in the c¢ardiogram were noted
but not true fibrillation, The animal died nfter the Hlst
shcck and an auinpsy showed consideradle damage Lo the heart
tissue.

In view of the tendency for guinea plgs to recover
rutomatically from fibrlllation;, further trials were made
with dogs. One dog, under deev msnegthesia from nemdutal,
vas fitted with electrodes on left foreleg and right hind
leg and subjected to surges of the type shown at insert (c),
figure 3. Ten shocks were given At each of 5 1ntensities
varying from point Dy %o Deg (fig. 3). Unly slight changes
appeared in the cardlogram and after recovering from the
nnesthesia the animal appeared entirely normal.

A second dog was similarly connected and subjected to
surges of the type shown in insert- (b), figure 3. Ten shocks
at each of the intensitlies shown At %X; and Bz causad no
vislible effect, other than the usual momentary.strong muscu-
lar contractions. However, the first shock at Ez started
A definite fidbrillation. "An additional M"counter shock" at
B, ocaused no recovery and the fibrillating heart action
continued with decressing amplitude for about 15 minutes,
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when the animal died, An autopsy showed no significant
damnge to heart >r lung tissue and it seems certalin that
death was caused by the fibrillation, The differense be-
tween this result and the preceding wiggests that there
may be A significant difference 1n the action of surges of
the two types (b) and {(c) in their tendency to vroduce
fidrillation, although they are about equal as regards
thrashold intensity. Of course, these data Are 1nsuffi-
clent in volume to warrant any definite conclusion.

Another set of experiments was performed ty see what
effects might Arise by transeformer action when an anesihe~
tized animal was placed in the neighborhcod of a conductor
which carried a rapidly varying surge current. The current
wave wAg a slightly camped osclllation having a frequency
of 40 kiloecycles per second and an initial crest value of
200,000 amperes. Haence the rate of change of current had
r crest value of 5,7 *% 10'°® amperes ver second. The crest
voliage whlch would be inducedi in a cireg¢uit 1 sauare centi-
meter 1ln mrea and 10 centimeter: away from the conductor
wolld be mbout 10 volts. Numerous trials were made wilith
anesthetised guinea pigs placed at various distances from
the central comnductor And in wva-sious orieniations with re-~
spect to the magnetic field. In all cases when the animels
were closer than 90 centimeters noticeable muscular con-
tractions were produced at the moment of passage of the
su>ge current.

A similar trial was made later on An anesthetlzed dog.
For each of thres positiosns, in which the magnetic field in
the neighb>rhoo’i of the animalls heart was directed success-
ively in three nearly mutually perpendicular directions, 15
shocks were applied. The radial distance from the conductor
to the heart was Aabrut 15 ceuntimeters. Immediately after
each shock the oscilloscope was connected to elecirodes
attached to the right front And left hind legs and the
cardlogram was examined. In no case Was any appreclable
change 1n the heart action noted, rRlthough at each shack
the Aanimal‘’s legs gave a decided Jerk as a result of the
induced electrical impulse., Ten further shocks of about
half the current then were tried with similar results.
After recovering from the aAnestheslia the dog appeared en-~
tirely normal, With this arrangement the induced currents
in Any organ would be similar to the tyve of surge shown
in insert ¢ of figure 3 in that the tosal net passage of
electric charge would be zern., They wnuld differ in that
many more reversals of molarity would occur. The fallure
of this type of shock to cause fibrillation although 1t
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dnes cAuse marked muscular contractions may perhaps be
related to this equality of the positive and the negative
portions of the surge.

To the data already shown 1in figure 3 there may be
added point F which indicates the charge and duration of
the unidirectional surges used by Kouwenhoven and Lang-
worthy (reference 15) in experiments on rats. When this
discharge passed from head to tail, the rats were killed
and hemorrhages were fourd in the spinal cord and draln,
When this dlscharge passed transversely through the bolies
to the ground plate on which the animals lay, the animals
survived, provided artificial resniration was used on those
vhich had A temporary resplratory inhibition.

Point @ of figure 3 correspoads to 0.1 ampere, the
60-cycle value of current which Fewrris et al {(reference 12)
eslimate 1s the minimum at which fibiillation of the human
heart 1s tn be expected; and point E cnrresvmonds Ln the
generallLy recognized 60-cycle threshnld of sensation of 1
milliampere.

In considering figure 3 it shnuld be kept in mind that
the theoretlical basls for exmectiung the Alternating-current
threshold values, such ag curves II and TII, tn be unlquely
related to the charge ver half cycle which is plntted as
nrdinate is rather tenuous. The nhysical damage prnduced
by shocks such as those indicated by Dg which killed
guinea pigs by damaging tlssue 1s probably nnt proprrtional
to the charge in an individual shock but increnses with
repetitinns of 1he shock And may vary with the ensrgy dilssi-
pated nr with the square of the clsige. Nevertheless, 1n
the absence nf Any better ferm of presentatlon figure 3 may
be used as a basils for arbvitrarily seleciing a safe opermnt-
ing 1limlt. It appears that 1f the charge prassing through
the body can be kept down to a value of 1 microcnulomd the
personnel would not experience any noticeable shock at the
time of a lightning stroke. Such a limit, however, would
presumably require the installatinn nf A rather extensive
system of llghtning conductors. It 1s perhaps wiser to
choose A higher limit, say 10 micrnecoulombs. The shock
produced by such a surge will be very noticeable and mavw
lead the personnel to questlion an mssertion that the alr-
craft 1s protected at all. However, flgure 3 1lndlcates
that such A shock, whille decidedly unplemsant, 1s less
intense by a factor of 4O than that which wae barely enough
to cause fibriliatlion 1n A small dog. It will, thereforse,
be taken as the upper safe limit in the follawing discussion,
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Safety Limits

To combine the various estimatee made 1n the foregolng
sections, the value of 60,000 amperes for A, the crest
current in natural lightning, the permissible charge of 10
micrccoulombs for Qg ~And the effective resistance nf 300
ohmg for Ry may be substituted in eaquation (6). This
yields M = 0,05 microhenry as the allowable couvling be-
tweer the lightning circuit and the personnel. In the labd-
oratory tests which will be described the crest rate of
change nf current was about 13 kilnamperes per micrnsecond
and the crest voltage induced by a coupling nf 0,05 micro-
henry would be 650 volts. In these experiments, therefore,
readings of less than 500 volts may be consid~red as safe.
Values exceeding this figure are indicated by asterisks 1in
the tables.

In estimating the valuas of voltage for which insula-
tinn might be provided, the values nf vnltage observed in
the labnrratory tests should be multipnliad by about ten be~
cause the crest rate of change of current in natural light-
ning may exceed that used in the present tests by this factor.

In estimating the hazard from currents induced electron-
magnetically in a person whn is entirely insulated frnm the
lightning current path, 1t may be assumed that the distance
from the psth to the person's heart 1s at leaszt 100 centi-
metere, that 1s, six times that used in the Animal tests.

The probable rate of change of current may be three times

that used 1n the tests on animals sn that the rate nf change
of magnetic field would be only half of that which falled to
affect the dog. 1In the absence of much more complete data

1t 18, of course, impossible to estimate the margin of safety,
if Any, which exists with resvect to this hazard. The possl-
bility ~f danger from this source certainly constitutes a
further reasnon for the use ~f A plurality of lightnilng con-
ductors which can share the current and thus greatly reduce
the magnetic field inside the alrcrafst.

St1l11l another considermtion arises from the fact that
meny lightning strokes contain, in mddition tn the sudden
high current surges, A continuing discharge at A few hundred
ampaeres vhich may last fnr several tenths of a secnnd, The
division of this current between the pilnt mnd the metalliec
clrcultes which may shunt him will dépend on the resistance
rather than the inductance of the latter., If the limiting
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safe current 1s taken as 0,025 ampere, while the lightning
component is 2500 amperes, that is, 10° times Aas preat,

and if the pilot's skin can raiese his effective direct-
current resistance to 2000 ohme the resistance nf the shunt
path should be less than 0.02 ohm. Thls should be attalnadle
by careful bonding but does not leave much marglin for care-
less workmanship.

METHODS OF TEST

Discharge Gircuii

The transient currents for the tests were obtained by
the discharge nf a Burge-current generator, This cnnsisted
of 40 capacitor units, each of 1uf capacitance. They were
connected 1n series in pairs and the 20 pairs were in vpAral-
lel. The resulting capacitance of 10 uf could be chargad
to 100,000 vclts by a 12 kva transf-~rmer with kenotron recti-
fiers. The circuits are shnwn in figure U4,

The discharge clrcult included a 2-ohm damping resistor,
a 3-ball spark gap; by which the discharge could be triggered
and synchronized with the cscillograph, and the test circuilt
through the alrcraft. The ground side of the surge current
genarntor was connected by a network of short copper bars to
the steel grid imbedded in the flonr of the labaratnry. One
terminal of the test circuit (the nose ~f glider XCG-7, fig.
5, or the tail of the PT-1CA sirplane) was also connected
tc this lmbedded steel mesh, The resist~nce was echosen so
as to make the discharge nearly critically damped, As 1is
shown by the typical oscillogram nf current (fig. 6) taken
with A resistive shunt connected in the discharge circuit.

The small ripple at the beginring nf thlis current wave
is apparently the result of nscillations which involve the
capacitance of the alrplane to grnund. Although this nscil-
lation is of very small magnitude (only o.b percent) relative
to the fundamental compnnent nf the current, 1ts frequsency
18 high (Aapprox. 6 megacycles ver sec) and the rate nf change
of current caused by it 1s corresmondingly gresat, If An 1in-
ductive shunt (M = 0,09%6 microhenry) 1s connected in series
in the circuit the eleectrnmotive fnrece aAcross it hess the farm
shovn in figure 7 and glives A direct indic~tion ~f the instan-
taneous values of di/dt. Figure 8 taken with a faster sweaD
shows the initial part of this wave in grester detanil., At
lenst two hlgh-frequency compnnents are evident. Skin effect



FNACA ARR No. L4I2S8 21

in the resistive shunt and the self-inductance of the sec-
ondary of the inductive shunt attenuate the higher frequen-
cles to half their actual value at about 10 and 25 megnacycles
per second, ‘réspectively. It 1s, thérefore, pmossidle that

the current contained still other components of A frequency
higher than these limite. Such components might result from
electrical osclllatlions of wavelength comparable wlth portions
of the Alrcraft, shock-excit=d by the main discharge. .

The crest value of surge current is anproximately 1in-
versely proportional to the inductanca of the c¢ircult. The
arrangement of the leads tn the mlircraft was, therefore, a
compromise between the conflicting requirements of low in-
ductance And A large clearance between the alreraft and the
return leads. A tyoical circuit for the PT-19A airnlane 1s
shown in figure 9. Hare the inductance of the discharge
clrcult was 9 microhenries and the crest current 3€,000
Amperes,

MEASUREMENT OF INDUCED VCLTAGE

In most cas~s the cragt value of the induced voltrge
was indlcated by An entirely self-contalined electronlic crest
voltmeter. This 1lnstrument censisted of an mdJusterbdle capac-
itence potentinl divider which supvlied Aan electronic trigsger
circuit. The grid bias of the trigger tube could be adjusted
1n succession to A number of different values until one was
focund at which the cirouit was barely triggered when the
surge occurred. Calibration of the voltmeter at radio fre-
quency eave the relation between the bimas for triggering =2mnd
the Applied voltags. To minimize the time and the number of
surges required, no attempt was made to locate the crest wvaluae
closer than about 15 percent. By adJustment of the caprecil-
tance dlvider five ranges could be obtained: 0-270, 0-5u0.
0-1350, 0-2700, and 0-5400 volts.

In those cases in which one extremity of the alirdraft
could be malntained nearly at ground potential by providing
connections of very low inductance between it and ground, 1t
was found practiecabdle to use the high-speed cathode~ray os-
clllograph for the voltage memsurement. For this purpose
the cable from the oscillograph was led along the ground
connectlion aAnd into the cockplt where its sheath was con-
nected to the pllot's seat. The central conducter was con-
nected to some other point At which the voltage was tn dbe
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measured. JFigure 10 shows a typical voltage oscillogram ob-
tnined in this way. The wave form of this induced voltage
18 very noaarly the same as that for the timo rate of change
of the total current as shown in figure 7. The sensitivity
of the oscillograph was about 280 volts per centimeter, and
the surge impedance of the cable was 50 ohms.

A major difficulty in making the voltage memasurement
arlses because of theo leads which ars needed to connect the
voltmeter, or the oscillograph cable, to the points at which
measuren2nts woere dosired. In most cases the shielding con-
tainer ( a can approx. 17 cm in diam. And 20 cm long) of the
voltmeter, or the groundod sheath of the cable was tied to
the pllot's scat and 3 wire was run from the linse terminal of
the voltmetoer on the core of the cable to oach of thoe other
volnts, wheel, podal, throttle, flap control, and so forth,
in succossion.

Tho first uncertainty arises from the fact that the
eloctric fleld around a conductor carrying ¢ changing current
is not lamollar nnd hec.oce the observed voltage botwoen two
points doponis, 1n gencral, on thc loecation of the voltmeter
lead ns woll as upon the location oI the two points. This
anbiguity was minimized by placling the lead 1n about the
same location ng that which the pilot's arm or leg would

noraally occupy.

Graator uncertainty is coused by tho self-inductance of
the laad which was of the orcer of 1 microheary. 4any current
flowing in thie lead will causc the moasurcd voltage to Ye
differant from that brtwoen the points to which the lead is
connected.

When the cathode—ray oscillosraph 18 used for these
voltage meapgurements 1ts connrcting cable has a surce im-—
pedance of only 50 ohms. Hence the current in the leads
is fairly large. The inductive reactance of the lead would
be egual to this surge impedance for an oscillating compo-—
nent which had a frequency given by £ = R/2 w L (in this
case about 107 cyclas per sec). Hence components of mate—
erlally higher freguencies will be unduly attenuated.

On the other hand, whers the electronic crest volimeter
ie used, its capacitance of about 12 micromicrofarads willl
be in series resonance with thg inductance of the lead at'a
frequency of about 5 X 107 ¢ycles per second. OComponents
of freguency near this value will (unless heavily damped) be
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magnlfied and produce an excessively high response. To
limit this resonance, & resistance of 50 ohms usually was
kept connected across the terminals of the electronic volt—
meter. With this arrangemant the simple voltmeter circuit
ehould be veasonably accurate up tc about 6 X 108 cycles
per second.

St1l11 another cause of curront in the measuring lead
ie capacltance vetween the lead itself (particularly the
end nAxt to the voltmeter) and other parts of the main cir—
cult or ground. The voltage across ruck a capacitance may
e relativaly large and the effect of the rosulting current
relatlvely considerable. The use of the 50—ohm resistor
across the voltmeter helps to rerduce spurious effects of
this sort.

Another uncertainty is introduced by the superinposed
oscllletions of high fregiercy. Aa these are the result of
the capaclitarce between warts of the alrcraft and tke floor,
it 1s posslble that thoir nagnitude at the shunt may bve
quita éifferent froa that at nolnts within the alircraft 1t-—
self. Hownver, ithe use of the 50-o0hn resistor in parsllel
with the creset voltmeter nade this irstrument reliatively
immunc to their cffects.

RISULTS

densnremente o2 the rin Fuselate Section of Glider XCG-7

The XCG-7 glider wvas used as an axanple of nconmetnllile
alreraft. The structural parts of this glider consist almost
entiroly of wood, the only metal parts being control csrblos
&nd tubes; rodlo, telephone, and ilght wires; fittings for
control surfoces; and so forth. Thes» conductors form a
zood path for a lightning stroke to the glider, dbut 1if they
are insulated from each other, as was thn crse For tha X037
gliéder as reoceivod, the path of the llghtaing stroke nay ln-—
clude scvaral of thaeso conductors in seriles and in getting
from ono conductor to the naxt 1t may pass, in full strength,
through the body of one of the occupantes of the airecraft.
This 1s obviously =& sovere hazard which coan aand should be
eliminatod by bonding all motal parts of the £llder together
with short and diract ties ecuivalont to Ho. 12 copper wire
or larger, 3BEven with all m=tal parts bonéed there etilll
romning tho guestion whether or not a dangerously high volt-
ango will bo induced betwoon two »moints on the resultings con-—-
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ductor system across which an occupant of the glider may be
oridgzing. The problem then 1s to measure these induced
voltagos for a simulated lightning discharge as described
rreviously and to determine whether or not they are a
source of hazard to the glider parsonnel. This was done
for the following conditions of bonding and also after the
addltion of extornal lightning conductors:

(a) Hinimum bonding roquired to make a complete
metallic path for the dAischerge,

(v) Bonding &3 recommendod to koep tho 1nduced volt—
agos low,

(c) Bonding plus additional lightning conductors out-—
sldo the glider,

(a) Separate lizhtning conductor system outside the
glidor.

Apoarntug and conngctions.— The urin fuselage section
of gilider XCG-7 was nlaced near tha surge—current gennarator
as showvn in flgure 5, onédé supported o>n cridbing of paraffin-
inpregnatod lumderr. TLis section of the glider was chosen
for tho ~xperimental work because all personnel and cargo
are housod within 1t during flizht and rmost of tho notal
parts of the entire glider are 1iIn this section. The control
cables for the tall surfaces coma to the rrar end of this
melin soctlon in & closcly snt groun, and the addition of the
rear fuselage soction meroly extanie these ce&bles in a
straight linec. All co..trol cables and tubes for the wings
are comnlerte in thils main fuselayrc sectlon up to the points
whera the wings are attached. A lightning discharge cnter—
ing tha glldor from a wing or the tail would come 1in on
these control cables or on iightning conductors 1if they
ware added, and the extrm langth of conductor obtained by
actually having the wings and teil section in rlace would
not materlinlily affect the path of the dischar¢e within the
main fueelage sectlon. Horeover, a wing-to—ncese diecharge
would be substanti-lly the snme a8 a tnll-to—nose stroke at
tho pllots ! seats which are well forward of thea wings, pro-—
vided a complate bond of all conductors were made where the
wings are nttacned to the maisn fuselare section. Therofore,
the experi:ental data were obtained by passing the dischargo
from the surge—current generator in at the rear of this
main fuenlage esactlon and out nt the nose.
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The high vgltage pesitive terminanl of the surge-~current
generator was connscted through the 2-ohm damming resistor,
to a 2-inch covper strap- (used As a terminal for attaching
the glidar conductors) at the rear of the glider soction by
two Nn. & copper wires 1in parallel gvaced 12 inches anart,
The copver stran 1s shown spenning the tep of the ecircular
end frame in fipgure 5. The tow-cable fitting in the nose of
the glider was connected to the imbedded steel in the floor
of the laboratory by. two No. 8 comper wires in marallel,
Either A resistive shunt e¢r an industive shunt wus connected
in series with this lead And lpcated ut the ezcnnectlon to
the steel 4in the floar for measuriss current and rate pf
change of current, resvectively. When the surge-current
generator was dischgrged threugh this circuit the current
as measured on a cathode-ray osclllograph connected to the
reslstive shunt by a 50~-0ohm eable was found to he a critl-
cally damped sine wave with a maxlimum c¢urrent of 35,000
amperes as shown in figure 6. &hse maximum rate of change
of current through the glider as determined by measuring
the first peak of the supernosed oscillation on the oscil-
logram of figure 8 was 13 kiloampsres per mlcrnsecond. Tor
the fundanertal e¢2mp-nent only, the maxinmum rate of ckarge
¢f current was 6.6 kiloamperes per wicrcosecrnnd. When light-
ning conductors were mrdded on the outside of tre glider fu-
selage and connected in parallel with the system of conduc-
tors formed by the crnuntrol cables inside the glider or when
the outeide conductors were used alone, the values of cur-
rent and rate of change of current did nat differ from the
forsgolng values by as much as 10 vercent.

Check of ealihration of c¢rest voltmeter. - Nearly all of
the measurements of induced voltage in the glider were made
with the electronic crest verltmeter (described previously).
In srder to check the calibration of thls vnlimeter and to
Fet a complete record of tkhe wave form pf the induced voli-
age, A measurlng cable from the cathgde-ray oscillograoh

was inserted intg the glider through the {ow-cadble tube at
the nose of the glider, with the sheath of the cable con-
nected to the mllot's seat And the center conductor to the
other points on the glider conductar system within remach of
the pilot. D¥Figure 10 shows a tynical oscillogram of the in-
duced voltage thus obtained from the front seat to the "cablas
release knob." The insertion of the measuring cadle in the
glider added ancthoer cenductor to the already complicated
network and probrbly changed the values of induced voltare
as measured inside the glider; therefore, tha data zbtalned
with the measuring cable and cathpde~ray oscillogranh vere
not used as a direct measure of the induced voltags, dut
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merely to get & general 1dea of its wave form and as n
check on the elactronlic c¢rest voltmeter. Since the men-

.suring cable had a surge impedance of 50 ohms, in order

to duolicate thls with the voltmeter a 50-ohm noninductive
reslstance was instanlled across its terminals. With .the
measuring cable in nlace and 1ts sheath connected to the
front seat, oscillograph measurements were taken with the
central conductor of the cable connected to five different
points within reach of the pilet. With the central con-
ductor of the cable dlisconnected, measurements with the
crest voltmeter were made to these same five vpoints. The
crest voltuge as obtalned from the voltmeter agreed qulte
closely 1in every case with the firast peak of the superpocsed
high frequency oscillation on the correanonding oscillo-
gram. The osclllograms slso indicate that the maximum of
the fundamental component 1s in each case about two-~thlrds
of the first peak of the supernosed high frequency. Thus
the electronic crest voltmeter with the 50-ohm resistor
across its terminals can be used as A fairly eccurate mea-
sure of the maximum of the fundamental commonent of induced
voltage if 1ts peak reading 1s multiplied by two-thirds,
The measurlng cable was then removed from the glider, and
measurements of the 1nduced voltages were made using the
electronlc crest voltmeter with the 50-ohm rssistor across
its terminals.

Measurements with minimum bonding, - As noted in the
first paragraph of thi= section, control cables run almost
the entire length of the glider fu-celage, dut they are
insulated from each other and from othar metal varts of
the glider. To obtaln a complete metallic math for the
discharge through the glider, some bonding of the metal
parts inside the glider was naeded. The 8 control cables
extending to the rear of the glider were all bolted to the
2-inch busber at the rear of the main fuselaga section, thils
busbar serving as the high-voltag~ terminal for the main
discharge. Just to the rear of the cargo commartment all
control cables (those to wings and tail) were bonded to-
gether, thus providing a common voint 4in the conductor system
where the wings are attached to the main fuselage section.
All these control cables, 14 in all, run from this point
through racevways in the bottom of the glider to the nose
where the pllet's seat 1s located. Six of them enter the
space 1n the floor between the 2 metal memats in the nose of
the glider (for pilot and co-pillot) and are connected to
the metal control sticks and pedals. The rear seat 1s
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electrically connected to these 6 cables through metal fit-
tings, but the front seat is insulated. To complete the
bonding, two Fo. 12 copper wWires were run from the rear
seat to the front seat And to the tow cadble fltting which
extends through tha nose of the glider and which was used
as the ground terminal for the maln discharge. The other

8 control cables run to controls located beside the pllot!'s
seat and they were not connected to the bonded system of
conductore at this poini.

The surge-current generator was discharged through
thls bonded system of conductors ineids the glider, and
measurements of induced voltage from the bpilot's seat to
several controls within reach of the milot were mades using
the crest volimeter. The results of some of thes=s mepasure-
ments are given in thea first column of table I, These volt-
ages are all qulte high, esnecinlly tha one to the flan
control which was conn=cted to control ¢ablss running to
the common bond Just to the rear of the carsFo commartment
but which was not connacted to the bonded system At the
pllot's seat.

To gsimmlify the intervretation of thegse exmeriments,
their results mare arranpged in table IT, TFor 1lnstance, in
the first column And the first row tha value of 1270 volts
gives the voliage measured between the front ssat and the
right pedal, Multinlying thils hy the factor 2/% givas the
value 868 in thes second row which shows the fundamental
componsnt of the induced voltage. Dividing this hy the
rate of change of the fundamental commonent of current,

6.6 x 10° amperes per second, pives 0.1% microhenry for

the courling inductancs between the stroke vath and the
pilot's leg. Multinlying this value by the nrobable ex-
treme rate of chungo of current in A lightning stroke;
namely 144 x 10” amperes per sscond gives 19,000 volts as
the induced voltage in the brench circult tending to nunc-
ture the pilot's shoe. If the shoe is conducting, or onunc-
tures, the charge then passing through hiseleg would be
given by equation (6) as 60,000%x0.13 x 10~ /300 = 26 micra-
coulombs (listed in the 5th rcw), which would give a very
disconcertling contraction of the pllot's musclss.

Meagsurements with recommended bonding. - The results
obtained with minimum bonding indicate that additional bond-
ing is advisable wharever it can be convenlently inatallad.
The pulleys for the control cables on this glider are mnde of
insulating material but are mounted in metal fittings. 1In
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order to get as many electrical ties as possible between
these cables, 1t would, in the future, be advisable to use
instead some kind of metal pulleys. On the assumption that
this could be done, the control cables were bonded to the
pulley fittings at each pulley and wherever nulley flttings
are close together, but lnsulated, they, too, were bonded.
The elght control cables not mAlresdy connected to the bonded
gsystem at the nose of the glider were bonded at this vpolnt
by short lengths of No. 12 copper wire. All other metal
parts of the glider which have an aspreciadle length -~ such
as light wires, radlo end telephone wires, and metal tublng
for airspeed, bank, aud rate~of-climb lnstruments -~ were
each bonded to ths control-cadble systsm of conductors 1in at
least two places.

Measurem=nts of 1nduced voltnage were made with this
complete bondlas syztem, and the regults are given in thse
second column of table L, The second column of tahle IT
shows comouted valves based on one of these meagsurements,.

Mecgurements wWith recommended bording nlus additional

l&fhﬁﬂipglponductors twivuida the gidar, - Veasuresments of
indaced voltAge belween the sBame touar molnts usad vreviouslvy
were made atft=r additional lightnine conductors had heen
attached to the outside of the glidzr and conrrected 1n
parallel with the irside syatem oif conductors. These addl-~
tional conductors were located as follows: (1) ome G-inch-
wide strin of thin coover ridbon over the tomrn of the glider
(2) one No. 12 cooper wire ovar the ton of the glider (3)
three No. 12 copper 4Wwiras, one over the teo and one at the
bottom »f each door (4) six No. 12 copper wir=s, onz over
the top, one along the keel, one at the bottowm of e2ach door,
and one under each wing. The results of these tests are
shown in columns 3 to 6 of tabdle I.

It may be noted that: (1) the ¥o. 12 wire and 6 inch
strin are almost eaqually affective in reducing the induc=d
voltage and (2) the addition of lightning conductors con-
siderably reduces the lnduced voltage bPetween some vpointe,
but it does not materially affect that between others. In
such a complex network as that formed by the conductors
inside the glider it may be sald correctly that "almost
anything can havpen - and it usually does." Eowever, a
somewhat more helpful exnlanastion may be obtained by consid-
ering that there are, in general, two different tynmes of
palrs of points between which induced voltage may te meas-
ured, The conductor system inside the glider consists, in
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effect, of a number of inductors im parallel, with cross
ties between them at some places. The two types of palrs

of pointy are then (1) two vpoints on the same inductor and
(2) one point on one induétor &nd the other point on some
other inductor. The induced voltage for a type (1) oailr

of points would be expected to decremase as additional
llghtning conductors are added because this voltage 1is bpro-
portional, mainly, to the curreni in one inductor only and
ag circuits are added in parallel the current 1n aAny one
inductor should decrease. The cable release knob and

"right pedal®" are two examples of tyoe (1) pairs of voints
in table I. For type (2) pairs the induced voltage results
from an unbalance of the i1mpedance drops 1in two difforent
inductors and the addition of a ligshtning conductor by rea-
gon of mutual inductance, may decrease the current in one of
these circults by A different mnercentage than that in the
other. Thles will alter the "balance!" between the two moints
allowing the induced voltage to increase slipghtly in some
cases, The "flabp control crank" and Ygpoillsar control handle"
are two examples of type (2) palrs of moints in tadle I.

A complete survey of the induced voltages between vpalrs
of voints Acroses which an occurant of the glider might be
bridging was next made using the crest voltmater. The six
No. 12 copper-wire external lightning conductors wer= usad
in parnllel with the inglde svatem of conductors for these
teasts. Althouph they may not be nacesgary for mrotection
from induced voltapes such conductorrs would oprobably bs
eggential to lnsure that A direct stroke will bhe intercented
by a conductor before reaching the bodiegs of any of tha
occupants. The results of measurements between each of the
pllots! seats aAnd other metal parts within reach of the
pllots are shown in table IITI., 7These induced voltages are
all within the probable s~fe 1limit excent the ons from "front
seat" to "radio switch." During this measureoment, (a) the
rallo set was bonded to the insidae conductor system by No.
12 covpper wire about 5 feet long running dir-=ctly to the
system of control cables beneath and between the two seants,
(b) the lighting wires were connected dirsctly to the radio
set and ran to the rear of ths glider where thev were bonded
to the control cable system Just bahind the cargo comnAartment
and (c) a short tie from the vitot tubes ran to the nose of
the glider where 1t was bonded to the tow cable fitting.

When the lighting wires were disconnected from the radilo
set and tled directly to the system of control cables between
the seats the induced voltage hetween the front seat and radilo
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switch vwas reduced from the original 750 volts to 200 volts.
The reduction suggests that any wire or cable which is bondead
to the maln system of conductors at the rear ef ths glider

- """'gnd"theén run forward should be bonded -to the maln system of
conductors at the forward molnt before going to Any metal
within reunch of ‘he personnel. When the 5 foot long No. 12
covper wire tle from the radio set to the system of conductors
between the seats was removed, the induced voltage from the
front seat to the radio switch increased to 1450 volts, in-
dicating that a conductor bonded at one point in the glider
and then running to & second moint where 1t can be reached d¥
the peraonnel, should slso be timsd to the conductor systam

at the sacond vpolnt even though the total length of the con-
ductor 1s only a few faat,

Occuvents of the glider other than pilot and co-pilot
ara seatad so that none of them 1s likely to b= 1n contact
with two molnts on the conductor system at any one tima,
However, to determine the n=cesslity for k=rolng the vass2n-
gers 1ngulatad from the conductor svatem, voltage measuraments
were mrde hetween the varicus control cadlag in the racaways,
which serve as seats for these passengsrs. The induced volt-
ages measurad between the left flan control cable and each
of the five control cablss in the right raceway at moints in
th- plana of the glider doors were all found to ha betwaen
zero and 400 volts. Howevar, when one of the poilnts of con=-
tacy with a cable was moved aft by 30 inches the induced
voltages were found to be about 500 volts. Thus, for some
cables the change was Aas much ags 200 volts per foot. If
these cables wer~ 2xmosed so that An occuvant mlght come 1n
contact with two voints on tha cable system at the sams time
and consldering the msximum axinl distance between thaesa two
points to be 6 feet, the voltage might be as much as 1200
volts. 1It, therefore, would seem advisable to keep the
cables insulated from the personnsl wherever possibdle.

Meansurements with lightning conductor system insulated
from 1lnside conductors., - All the foregolng dlscusslon o
induced voltage is based on the assumption that all matal
parts of the aireraft, both the bonded system of conductors
inside the glider and any protectlive system of conductors
andded on the outside are to be connected together forming
one conductor systam. This was thought to be the most
readlly svoplicable method of protection.

Another method of protection would be to have tha
inslde bonded systsesm of conductors entirely lnsulated from
the outsidse syvatam of lightning vprotective conductors. This
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would require (1) all metal parts of the glider which might
intercept a stroke of lightning, such as metal flttings on
tall and-wing control surfacas, to be connacted to the pro-
tective conductor systeam and insulated from the insida con-
ductor system and (2) the protactive system of conductors

to be proverly ingulated from all of the glider personnal.

In order to accomplish this isolation of the two conductor
systems: (1) all control cables rfoing to tha tail and wings
would have to be eauivvaed with strain insulators before
entering the main fuselage section; (2) fittings and controls
for landing gear and tow cable would have to be well insulated
from the glider personnel and from the inside conductor system
and; (3) special insulation would heve to be installed on
pitot tube, radio merlal, and so forth. If thesa insulatlon
requirements oan be attained, this would be an 1deal method

of protectlion because none of the lightning current would

flow in the 1nside conductor system and the magastically
induced voltages as measured previously would be very much
reduced.

Th=s voltage for which insulsiion must be provided 1s
the induced voltage in the 1nslde system of conductors run-
ning from the nose of the glider to the tail or wlng tio
(this voltage maAy ba divided by two if 1t is assumed that
1t divides equally between the two gaps across which 1t
might caugse breakdown). A messure of this voliage was ob-
tained on glider XCG~7 by disconnescting the inside conductor
system, contrul cables, and so forth from the comver sirap
at the rear of the main fuselage section, while the six
added lightning conductors on Nu. 12 wire were still attachad
to 1t. Th=s elsctronic crest voltmeter was then conaected,
through a 10:1 resistance vpotential divider, between tha in-
slde conductor systam And the externml lightning conductors
at the rear of the glider. The peak voltage thus measured,
when the 35,000 ampere dlascharg~ was sent through the glx
lightning conductors on the outside of the glider, was 15
kilovolts. Measurem2nts with a sinele Ro. 12 covnver wire
in place of the inside system of conductors gave voltnagas
from 9@ to 13 kilovolts depending on the locatlion of the
wire inside the glider. These voltages wer~ aAlao measured
by (1) a previously calibrated klydonogranh with a resist-
ance divider added and (2) the ec~thode~-ray oscillogranh
with 1ts mensuring cable run 1nside the glider and a 500~
ohm noninductive resletor in serle~s with the center con-
ductor. The klydonograph records gave voltages agreelng
with those obtained bv the crest voltmeter to within 25
percent. The oscillograph measurcements were made with a
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single No. 12 copper wire tied to the llghtning conductors
At the rear of the glider 2nd then brought anproximately
--along the. central axis of the glider to its nose wher= the
wire waas connected to ths 500-ohm Fesistor in series with
the center conductor of the measurlng cable. The cable
sheath vas connected to the tow cable fitting at the nose
of the glider. An oscillogram of this voltage 18 shown

in figure 11, The peak voltage 18 17 kilovolts and the
maximum of the fundamental componsent 9 killovolts. The
corresponding voltage As measured by the surge-crest volt-
meter aAnd the klydonograph was 10 kilovolts. An average

of all the v:lues obtained by thess three methods glve an
induced voltage of 15 kilovolts for tha entire length (22
ft) of the main fuselagse section of glider XCG-7, that 1is,
680 volts per foot. To obtain the voltage thet the insu-
lation between the inside and outside conductor syvstems of
a glider 1n flight should bs designed to withstand, (1) mul-
tiply the above velue of volts pber foot Py th= total length
of the glider; (2) multiply dbv 5§, on the assumption that
the maximum rete of change of current in an aActusl lightning
discharge, (the median strok= in McEachron's data) 1s five
times the value (13 kilommneres per microsecond), for the
25,000 ampers dlscharg= usnsd in the voltage mamgsurements;
and () divide bv 2, since the voltage must break down the
insulation 1n two nlaces. For a glider RO feet lons the
voltng~ per gnp on this basis turns out to be B5 kilovolts,

The problem of insulating the inslde conductor system
(1ncluding tha personnel) of =an aircraft from the outside
lightning conductor sysiem to wiLhstand oeak voltages of
approximately 85 kilovolts should be consider=d for each
deslgn of aircraft to b= protzcted. However, it 1s doubtful
that the additionAl safety nrovided by such insulatlion would
varrant the expense of 1ts installation., The first method
of protection considered, 1n which aAll the conductors on the
alrcraft are bonded to form one system, should give suffi~
clent protection if the bonding 1s properly done.

Measurements on the PT-19A Airvplane

A Fairchild dual-control training airplane type PT-194A
was ussd as an exmample of combinatlion metanl and wood Alr-
craft. The fuselage of thls alrplane 1s constructed of a
welded steel tubs frame covered with fadbric and plywood.

The winge consist of wood ribs with = plywood skin, the only
metal parts belng control tubes for vnitot tubse on one wing,
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light wires, and landing gesr and fittings. All metal parts
¢cf this alrplane are well bonded to form one conductor system
and .no extra bonding or added conductors were uaed for the
induced voltage tests.

The airplane was completely assemdbled and placed en
the floor of the laboratory near the surge-current generator
as shown by the photograph in figure 9. The two front land-
ing wheels were placed on l0-inch-high wood platforms to
supplement the insulation of the rcubdber tires. The tail of
the airplane was blocked uvo from the floor; the rear landing
wheel removed, And 4Wo short copver strivps were run from the
rear landing wheel fitting to the iaboratory floor, thus
grounding the tail of the airvlane to the ground side of the
surge-current generator. The high voltage terminesl of the
generator was gsonnected in serles with the 2-ohm demming
resistor to the right-hand flap control fitting (nearest
the fuselaga) by two No., 8 copper wires in parallel apaced
12 inches center to center. This gave a discharge path
from right wing to tail of the airvlane., For the nose-to-~
tail discharge, the high voltage iend was connected to the
hub of the provelier. For the wiang-to-wing discharge the
high voltage lead was connectel as in the right-wing-to-%aill
discharge, the ground connection was removed from the tall,
and the left-hand flavp control fitting {nemrest the fuselage)
was grounded to the floor of the laboratorv bv two No. 8
cupper wires in parallel.

Records of current and rate of change of current when
the surge-current generator discharged through each of the
thres paths previously described were obtained by using the
cathode-ray osclllograph Arnd A resistive shunt or An induc-
tive shunt 1n the ground lead of the discharge path. Values
obtained from these records for all three discharge paths
agreed to within 10 percent and the following results are
the averages for all records taken: (1) maximum current -
38.8 kiloamperes; {(2) maximum di1/dt (first peak of suver-

osed osclllations) = 17 killoamperes pesr microsecond and;
f}) maximum d4/dt of the fundamental component - 9 kilo-
amperes per microsecond. Typical oscillograms Are shown

in figures 12, 13, and 1l4. These values are all slightly
higher than the corrsesponding ones obtained with glider
XC3-7 in the discharge circult; therefore the limiting wvalue
of induced voltage (500 volts) deduced to be safe in the
glider exveriments will indicate somewhat greater safety in
the PT-19A exporiments to be deseribed.

Values of induced voltage in each cockvnlt of the air-
plana wer~ measured when the surge-current generator dis-
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charged through each of the three paths (1) wing to tail;
(2) nose to tail; and (3) wing to wing. The electronic
crest voltmeter with a 5F0~ohm-resistor across its terminrls
wag used for most of these measurements. For the wing-to-~
tall and nose-~to-tail dlscharges, measurements were also
made with the cathode~ray oscillograph, bv placing the 50~
ohm cable 1nside the fuselags from the tall of the mirvolane
up to ona of the seats. The addition of the memsuring
cable was found (es checked with the crest voltmeter) to
have very little effect on the magnitude of the induced
voltage being measured in these experiments. This is ac-
counted for by there belng such a muitiplicity of conduc-
tors in the fuselage from tall to seat that the sdditlon

of one more (the measuring cable) has little effect. The
osclillogram in figure 14t 1s a record of the induced voltage
between the rear seat and the control stick for a wing-to-
tail discharge.

The schematic dlagram of the PT-19A in figure 16 shows
all of the control handles and knobs with which a pllot
might come 1n contact and Assigns a letter to eanch of them.
Voltages were measured from the seat to each of these let-
tered points and the results are given in tadble IV. All
values measured were below the safe value of 500 volts;
therefore, 1t 1s concluded that the personnel in san alreraft,
with a welded steel tube fuselage, would be well protacted,
even wWithout additional lightning conductors, from electric
shock due to induced voltages during a lightning dischargs
through the alrcraft.

CONCLUSIONS

The results of the experiments vreviously described
indicate some general vorinclvles to be followed for the
protection of tha personnel 1n a nonmetalllic alreraft
agalnst the hazard of induced voltage wvhen a lightning
stroke discharges through the alreraft:

1. All metal parts of the alircraft should be bonded
at as many points as feasivle to form a single conductor
system inside the aAircraft. Cables, wires, and tubing more
than 3 feet long should be bonded At both ends.

2. At places, such as the pllot's seats, where an
occupant of the aircraft 1s likely to come in contact wlth
two or more conducting parts on thlis conductor systen,
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sdecial care nmust be taken in bonding the metal varte. At
euch pisces all control cabvles and other metal parts which
- axtené cvar any appraclable length of the aireraft should
be bonded directly to common points wWith 'loads heving o
minimum iaductance, b2fors cennecting to any exposed notal
parts.

3. All control cables, radis wires, and other con-—
ductors extending for &n avopreciable length of the ailrcraft
should be kant fairly close togother in one emall part of
the cross~sectlonal area of the fuselage, so that they can
ba easlly insulated frou tho perscmnel. Between polnts at
vhich they 2re all tisd together, thoy should be insulated
from tne parsonnocl.

4, The additlion of oxtre lightning conductores outsida
the alrcraft conneocted in parallel with the insido systen
of coanductors, 1n ganerol,decreases the nmagnitude of the
Induced voltagns inside th- nircraft.

5., The usc of insulction on pedals, control etick, and
so forth, alght redvee the charge passing through ths pllote!
liwbe by & factor of 10 or amore, but it 1g vory doubtful 1if
suck insulation could be rolied upon under all conditiuns,.
Hance its u=zae should anot ba regarded as a justificetion {ér
0:1itting any bonding of conducting mombors.

8. The provision of a 2omplotce lightning conductor
system insulctod from the control cables and prrsonnel secms
t9 comstitute an Inpractical idenl.

7. Currents inducnd 1a anlianl tlssuo by transformsr
anction from rapldly varying curronts can produce sevaerea
nuscular contractlion, though perhaps not wventricular
fibrillation. Hrnce the vrovision of a »lurelity of
lightning conductors slectrically in parallal and on
opposlte sides of the vpersonnel 1s desiradle,.

8. The versonnel r~rnclogsed in an alrcraft which hag a
fuselage of metal framework conetruction are reasonably well
protected from induced voltage shock without other protection.

Fational Bureau of Standards,
Washlngton, D.. C,, Sept. 23, 1944.
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Table I - Induced voltages in glider XCG-7 as measured by the electronic
crest voltmeter with a 50-ohm resistor scross its tenninals.
35-kiloampere discharge through glider (see figure 6).
polarity indicates that the potential of the geat was above
ground by more than the potential of the other point.

A positive

Voltage measured

No extra conductors

from front seat | Minimum |Recommendsd
to Bonding Bonding

Cable releass ‘

knob + 2200 + 800%
Right pedal + 1300* + 6HO*
Flap control

crank - 450
Flap control - HOOO* - 100

One One Three Six
b" wide | No. 12| No. 12 No. 12
Cu strip| Wire Wires Wires
+ 500 + 500 | « 350 + 200
+ 400 +« 500 | + 350 + 250
- 500 - 500 | - 500 - 350
- 140 - 200 | - 180 - 50

*Values congidered hazardous to glider persounnel

Table II - Computations based on the induced voltages between fronit seat and
right pedal of glider XCG-7 as measured by the crest voltmeter
with a 50-ohm resistor ecross its terminals.

No extra conductors One QOne Three Six
Minimum |Recommended | 6" wide | No. 12 No. 12 | No. 12
Bondi Bondi i i
Pesk voltage as onaing onarng Qu strip| _ Wire | Wires | Wires
measured 1300+ 650% 4oo 500 350 250
Meximum of fund.
comp.of induced 868+ 43l 267 333 233 167
voltage
Matual inductance
in microhenries 0.13+ 0.066* 0.04 0.05 | 0.035 0.025
Maximum induced
voltage(for an 19,000¢ 9,500* 5,800 7,2001 5,000 3,600
actual lightning
stroke)
Maxirum quantity
through occupant 26* 1h» 9 10 7 5
in microcoulombs
(for an actual
lightning stroke)
*Values considered hazardous to glider personnel




NACA ARR No. 4I38 39

Table III - Induced voltages in Glider XCG-7 as measured by the electronic crest

voltmeter with 50 ohms across its terminals.

Six No. 12 copper wire external lightning conductors were added in
parallel with the inside conductor system. 35000-ampere discharge
through glider.

Voltmeter connected Crest Volts
| From _To as mesasured
Front Seat| Elevator trimmer control | =250

" " | Rudder " " -250

" % | Radlo switch -750%*

" # | Talk knob =400

" 1 | Left pedal +250

n ¥ | Nut on control wheel <200

f n | Bottom of control stick <200
Rear Seat | Nut on control wheel <200

n " Bottom of control stick <200

" " Right pedal <200

LI Left Pedal =200

sValues considered hazardous to glider personnel
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Table IV - Induced voltages in plane P'I'19A as measured by éléctrohic_ crest
voltmeter with 50 ohms across its terminals or from C R O

oscillograms.

38000-ampere discharge through plane (see fig.l2).

A negative polarity indicates that the potential of the seat was
- above ground by more than the potential of the other peint.

Voltage measured from
geat to

Control stick -~ J
Trimmer control - T
Throttle - H

Gas tank control - G
Flap control - F
Wobble pump - W
Igmition - 1

left pedal - P
Right pedal - P
Band brake - B
Control lock - L

Carburetor - c

Front Cockpit Rear Cockpit
Discharge path _Discharge Path
Wing Nose | Wing Wing Nose Wing
to to to to to to
Tail | Tail | Wing Tail | Tail | Wing
<100 | <100 | <100 475 350 170
-300 { - 300 200 -290 -260 200
<59 <100 | <100 - - <160
<50 <100 | <100 150 - <160
- <100 { <100 220 - <160
- <100 | <100 150 - <160
- <100 | <100 180 - <160
<50 <100 | <100 250 210 <160
<501 <100 | 00 180 190 | <160
- <100 | <100 - - -
«50 - - 170 - <160
- <100 - - <160
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Figure 1. - Circuit equivalent to huma.n body shunted by
lightning conductor.
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To Gathode Ray Oscillograph

To 100 kv
Rectifier

To Trigger
Circuit

am of connection oY PT 19 A
to surge gurrent ge_nera.tor.

Figure 4.- Schematic diagr



Figure 5.~ Fuselage section
surge tests.

of glider XCG-7 placed near surge-current generator for
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Figs. 6,7

Figure 6.- Oscillogram of discharge current through glider
XCG-7. Time scale of abscissas is indicated in
microseconds.

Figure 7.- Oscillogram of rate of change of discharge cur-
: rent through glider XCG-7 (slow sweep on ¢ R 0).
Time scale is in microseconds.
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Figure 8.- Initial portion of di/dt as in figure 7 but with
faster sweep on oscillograph. Numbers on scale
of abscissas show time in microseconds.

Figure 10.- Oscillogram of induced voltage from "front seat"

to Ycable release knob" in glider XCG-7. Time is
indicated in microseconds. Value is less than shown in column
2 of Table I because of presence of oscillograph cable.



Figure 9.- Fairchild PT19A trainer plane placed near surge-current generator for surge
tests. Connections shown are for surge from right wing to tail.
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Figure 11l.- Oscillogram of induced voltage from nose of gli-

der XCG-7 to rear of main fuselage section. Wire
run from measuring cable and divider in nose to rear along
the central axis of the glider. Note that voltage exceeded
10,000 volts for several microseconds.

4§

Figure 12.- Oscillogram of discharge current through PT194
wing to wing. Time scale is in microseconds.



Figure 14.- Same as in-

itial part
of figure 13, but with
faster sweep on oscil-
lograph. Time scale is
indicated in miecro-
seconds.

Figs. 13,14,15

Figure 13.- Oscillogram
, of rate of
change of discharge
current through PT1SA
wing to wing with slow
sweep on the oscillo-
graph.

Figure 15.- Oscillogram

of induced
voltage from rear seat
to control stick of
PT19A. Main discharge
from wing to tail.
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